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ABSTRACT 

We calculate the CP- violating polarization asymmetry of it, S = [ a{ee 
t{—)i{—)) — cr(ee ]/cr(ee tt), for the most general tt'~^/Z couplings 

without dropping any non-standard contribution. We find that one term which 
is usually neglected increases with s and will eventually become non-negligible at 
very high energy. 
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The Standard Model (SM) of electroweak interaction has been very successful 
in describing various experimental data up to the scale of 0{My[rz)- Still many 
people believe in the existence of new physics at higher-energy scale which reduces 
the number of the free parameters in the SM. Since the top-quark couplings have 
not been studied in detail yet, there could be a room for new physics in them. In 
the near future, experiments of top-quark-pair production via e~^e~ annihilation 
are expected to become possible at Next Linear Collider (NLC). Indeed, NLC will 
be a powerful tool for new-physics search, and provide us useful data for probing 
the top-quark couplings to the photon and Z boson. 

One of such studies will be a measurement of CP violation through possible 
anomalous couplings. Since ti pairs are produced mainly through the vector-boson 
(7/Z) exchange, the helicities of tt would be only (H — ) or ( — h) if top-quark mass 
were much smaller than ^/s. However, because the observed top mass is 173.9 ±5.2 

GeV we can also expect (++) and ( ) combinations. This enables us to study 

CP violation, because 

cp\tt) = \± ±) 

and therefore CP violation can be measured through the asymmetry 

iV(— )-iV(++) 

^ = NiM) 

where N{all) = N{++) + N{-+) + N{+-) + ). 

On this theme have appeared so far many papers 0-0] • In those papers, 
products of non-standard parameters were usually neglected and only interference 
between the SM and non-SM terms was taken into account under the assumption 
that non-SM effects are tiny. At much higher energy, however, such neglected terms 
might come to play an important role. Therefore, in this short note we calculate 
the cross section of polarized top-pair productions via e~^e~' starting from the most 
general form of top interaction and keeping those which are usually neglected. 
Then we study their effects on the above CP-violating asymmetry numerically. 

In our calculation, we will assume the following ti'-)/Z couplings: 

nit- = f [l^{A. + 5A,-{B, + 5B,)^^}+ ^^'~J^'^\ 5C,-5D,^,)]v{pi), (2) 



where g denotes the SU{2) gauge couphng constant, f = 7, Z, and 



3 2 cos 9w 2 cos 9w 

with vt = 1 — (8/3) sin^ 6*14/. SA^, SB^, 6Cy and 6Dy are parameters expressing 
non-standard effects.0 

On the other hand, we assume the standard form for the electron-positron 
couphngs: 

r!;,, = -ev{p,)Yu{pe), (3) 

= Y-^v{P^)r{v, + iMPe), (4) 
4 cos &w 

where f e = — 1 + 4 sin^ 9w 

Now, using the above vertices and propagators = 1/s, dz = l/{s — M|), we 
can represent the invariant amphtude for e'^e" — > ti as follows: 

M(ee ^ tt) = 9,M,r!;^,qa + dz^e-er^^,^ 

= Cvv [VelflUe " U^^Vt] + CyA [Vel^lUe ■ Ua^l^Vt] 

+ Cav [Vel5lf,Ue " Ut^Vt] + C AA [Vel-,lf,Ue ■ Ut'j5'l''Vt] 

+ CvS [VelUe " UtVt ] + Cyp [v^qUe ■ U^^Vt ] 

+ CaS [Vel-,qUe " Mff t ] + Cap [Ve'j5qUe " U^^Vt], (5) 



where 



Cvv = -|^[ (A + '^A) - Ved'iAz + 6Az) 

CvA = -^[SB,- vJ'iBz + 6Bz) ], 
^ s 

Cav = -yJ\^z + 6Az), 

CAA = -^d'{Bz + 5Bz), 
2s 

Cvs = --r—[SC^ - Ved'SCz], 
Anits 

CvP = -^[6D^-Ved'6Dz], 
ArrLfS 



^^In fact, the most general form contains also a term proportional to {pt + Pi)^ , but this term 
gives vanishing contribution in the limit of zero electron mass. 



Cas = -ir~ d'SCz, 
Cap = 7^ d'5Dz, 



with 



4 sin cos 9w ^ 



A straightforward calculation leads to the following differential cross section in 
which t and t have spins s+ and s_ respectively: 

= ^ [ [ {4m?s + - + 5^(1 + 

+2s(/s+ /s_ - Ps+ Ps_) + 2 /g(/s+ Ps_ - Is- Ps+) ] 

+ Da [ (lqf(l + S+S-) - (4m,'s - - 

-2(s - 4771^2) /s_ - Ps+ Ps_) - 2 /g(/s+ Ps_ - Ps+) ] 

-4 Re(P'yA) [ s(Ps+ - Ps_) + /g(/s+ + /s_) ] 

+2 Im(£)yA) [ Iq e(s+, s_, gr, + Zs_e(s+, P, g, + Zs+e(s_, P, g, ] 

+4 mts{ls+ + + 4 /g(Ps+ - Ps_) 

+4 Re(EyA) [ 2ml{ls+ Ps- - Is- Ps+) -Iqs] 

+4 lv[i{EvA) mt[ e(s+, P, I) + e(s_, P, I) ] 

+P>s^[ + Amis -s^][ {Ami - s){l - s+s_) - 2Ps+Ps_] 
m^ 

-Dp^[ {Iqf + Amis - ][ s(l + - 2Ps+Ps_] 

m^ 

+4 Re(P)5p) — [ (/g)' + 4.mls - ](Ps+ + Ps_) 
+2 Im(P'5p) A[ + ^mls - s" ]e(s+, s_, P, g) 

- Re(Pi) — [ Iq s(ls+ - Is) - {(Iq? + Amls}(Ps+ + Ps) ] 

mt 

+2 Im(Pi) [ s e(s+, P g) + /g e{s+, s_, P, /) ] 
+2 Re(P2) s(Ps+ /s- + Ps- ls+) 

- lm{F,) — [ e(s+, P, g, Z) - e(s_, P, g, Z) ] 



-2 Re(F3) /g(Ps+ /s- + Ps_ ls+) 

+ Im(F3) e(s+, P, - e(s_, P, g, Z) ] 
rrit 

- Re(P4) — [/g (Ps+ + Ps_) - (s - 4m2)(/s+ - Is) ] 

mt 

-2 Im(P4) [ Ps+e(s_, P, g, + Ps_e(s+, P, g, ] 
+2 Re(G'i) [ {4mt^s + (Zg)^ - - - 2s Ps+Ps_ 

+/g(/s+ Ps_ - /s_ Ps+) ] 

- Im(Gi) ^[ e(s+, P, g, + e(s_, P, g, ] 

- Re(G'2) — [ (s - 4m?) + ^S-) - k (Ps+ - Ps-) ] 

flit 

-2 Im(G2) [ Ps+e(s_, P, g, /) - Ps_e(s+, P, g, /) ] 

- Re{Gs) ^[ Iq (Ps+ - Ps_) - (s - 4m?)(Zs+ + ] 

mt 

-2 Im(G3) lqe{s+, s_, g, /) 

+2 Re(G'4) [ {s - 4m?)(Ps+ /s_ - Ps_ + 2 /g Ps+Ps_ 
+ Im(G'4) — (s - 4m2)[ e(s+, P, g, + e(s_, P, g, ] 



where (5 = \Jl — Amt/s, P, g and / are defined as P = Pe+Pe{= Pt+Pt)-, I = Pe~ 
q = Pt — pt, the symbol e(a, b, c, d) means ef^j^pcra^h^c^dF for eoi23 = +1, and 

Dy = {s^/e%\Cvv? + \Cav?), Da = {s' / e%\CyA? + \Caa?). 
DvA = (s^/e^)(C'yyC'vA + CavCaa), 

Ev = 2{sye'')Re{C*AyCvv), Ea = 2(sVe^)Re(Cl^CyA), 
Eva — {s^ / e!^){CyyCAA + C'^^C'va), 

Ds = ml{s^ / e%\Cys\^ + |CA5r), = ml{s^ / e%\Cyp\' + ICapH, 
P>5P - ml{s^/e%C*ysCyp + Q^^^ap), 

Pi = 2mt{s^/e%C*yyCyp + C^^C^p), 
P2 = 2mt{s'/e''){C*yyCAP + C^^Cyp), 



F4 = 2mt{s'le'){C*y^CAP + C\^Cyp), 



G2 = 2mt{sye^){C*yyCAs + ClyCys), 
Ga = 2mtisye^){C*y^Cvs + C*^aCas), 
G, = 2mi(sVe^)(Q^CA5 + C^^Cys). 

Ds,p,sp are coefficients which are usually neglected and the other coefficients are 
defined the same way as in ref. [^]. 

The asymmetry S can be calculated by using the above differential cross section: 

. ^ -2pRe[F,-P\s/m',)Dsp] 

(3 - P^)Dy + 2PWa - 2/32Re(Gi) + P\s/mj){pWs + Dp)' ^ ' 

If we keep only Dy, Da and Fi terms, this 6 agrees with the one calculated in 

[^-[Q. We find that the term including Dsp in the numerator, which consists 

of 6Cy and 6Dy, is proportional to s. This means there is a possibility that Dsp 

contributes greatly to CP violation at very high energy, depending on the size of 

6Cv and 6Dy. 

Let us show the difference between our calculations and usual calculations 
visually in Fig.|l| and Fig.||, where we use as input data nit = 173.9 GeV [IH, 
Mz = 91.1867 GeV 0] and sin^ 6^1^ = 0.2315 p|, and assume as examples all the 
real and imaginary parts of 6A^, ■ ■ ■ , 6Dy in eq.(^ to be 0.01 in Fig.|l] and 0.1 in 
Fig.0. These figures show there is no difference around ^/s = 500 GeV, but our 6 
decreases rapidly for higher ^/s. 

Our calculations here are exact as long as we can treat the anomalous couplings 
as constant parameters. Some comments are necessary, however, on this point 
before going to summary. If these couplings come from some new physics at a 
higher-energy scale A, then our results are applicable only for ^/s < A. One 
plausible way to estimate this A will be given by the effect ive-lagrangian approach 
0. According to it, 6Cy and 6D^ are both 0{m^/gA'^) [l^, which leads to /l ~ 
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Figure 1: CP- violation asymmetry 6 
via our calculations (solid line) and 
the usual calculations (dotted line) as- 
suming all the non-SM parameters to 
be 0.01. 
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Figure 2: CP- violation asymmetry 5 
via our calculations (sohd hne) and 
the usual calculations (dotted line) as- 
suming all the non-SM parameters to 
be 0.1. 



mtl^fgTv {^v = SC^ or 6D^) and roughly 2.5 TeV (0.8 TeV) for 6^ =0.01 (0.1). 
Therefore our results, especially the one in Fig.^ must be considerably affected if 
this approach describes the nature correctly, but in that case all the other usual 
calculations also lose their validity anyway. 

To summary, we studied contribution of the products of non-standard parame- 
ters, which are usually neglected, to CP violation in e~^e~ — ti assuming the most 
general ti'y/Z couplings. We showed there is a possibility that usual approximate 
calculations may fail to give accurate results at very high y/s. We considered top 
productions at NLC in this paper, but the same discussion holds also for those at 
hadron colliders |]ll| if we replace e"*" and e~ with the light quarks (and add the 
gluon-fusion diagram). Finally, we cannot detect tt directly in actual experiments. 
If there are no or only tiny anomalous terms in tbW couplings, it is easy to derive, 
e.g., the final- lepton-energy distributions 0, |^, |[. In order to study new-physics 
effects consistently, however, we should study the decay process the same way as 
we did here for the production process. We would like to do it elsewhere. 
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